The objective of this study was an interspecies comparison of free nystatin (NYS) and liposomal NYS (Nyotran) distribution in plasma. NYS and liposomal NYS at concentrations of 5, 10, and 20 g of NYS/ml were incubated in human, dog, and rat plasma for 5, 60, and 180 min at 37°C. Following these incubations, plasma samples were separated into their high-density lipoprotein (HDL), triglyceride-rich lipoprotein, lowdensity lipoprotein, and lipoprotein-deficient plasma (LPDP) fractions by density-gradient ultracentrifugation, and each fraction was assayed for NYS by high-pressure liquid chromatography. Total plasma and lipoprotein cholesterol, triglyceride, and protein concentrations in each human, dog, or rat plasma sample were determined by enzymatic assays. When NYS and liposomal NYS were incubated in human, dog, or rat plasma, the majority of the NYS was recovered in the LPDP fraction. For the 5-and 60-min incubation times for all plasmas measured, a significantly greater percentage of NYS was recovered in the lipoprotein fraction (primarily HDL) following the incubation of liposomal NYS than following the incubation of NYS. There was a significant correlation between the lipoprotein lipid and protein profiles in human, dog, and rat plasmas and the distribution of NYS and liposomal NYS in plasma. In particular, differences in the proportion of plasma lipoprotein cholesterol, triglyceride, and apolar lipids (cholesteryl ester and triglycerides) carried by HDL influenced the distribution of NYS and liposomal NYS within plasmas of different species. These findings suggest that the distribution of NYS among plasma lipoproteins of different species is defined by the proportion of lipid carried by HDL, and this is possibly an important consideration when evaluating the pharmacokinetics, toxicities, and activities of these compounds following administration to different animal species.
Plasma lipoproteins are macromolecules of lipid and protein that transport polar and nonpolar lipids through the vascular and extravascular body fluids (6, 23) . However, it is well known that plasma lipoprotein profiles vary considerably among different animal species (5) . In addition, disease states can significantly influence plasma lipoprotein profiles, possibly resulting in altered therapeutic outcomes. Current research has shown that lipoprotein binding of drug compounds can significantly influence not only the pharmacological and pharmacokinetic properties of the drug but the relative toxicity as well (2, 8, 10, 11, 13-15, 17, 21, 23, 24) . An example of one such compound is amphotericin B (AMPB), a polyene antibiotic used in the treatment of systemic fungal infections.
There is growing evidence which suggests that increases in serum cholesterol concentrations increase the renal toxicity of AMPB. Our laboratory has previously observed that when AMPB was administered to hypercholesterolemic insulin-dependent diabetic rats, it was more nephrotoxic than when administered to normolipidemic nondiabetic rats (22) . Koldin et al. demonstrated enhanced AMPB-induced nephrotoxicity when AMPB bound to low-density lipoproteins (LDL) was administered to hypercholesterolemic rabbits compared to hypercholesterolemic rabbits administered AMPB alone (7) . Lopez-Berestein et al. observed that when AMPB was administered to patients with leukemia (9) and immunocompromised patients who exhibited low serum cholesterol concentrations, the AMPB-induced incidence of renal toxicity was lower (12) . Chabot and coworkers observed no measurable renal toxicity when AMPB was administered to cancer patients who exhibited hypocholesterolemia (3) . We have further reported that patients with a higher percentage of AMPB bound to serum LDL are more susceptible to AMPB-induced kidney toxicity (19) .
Our laboratory has recently observed that when liposomal nystatin (NYS) (Nyotran) was incubated in human plasma with low high-density lipoprotein (HDL) levels for 5 to 120 min at 37°C, the majority of drug was recovered in the HDL fraction (20) . These findings are similar to what was observed with AMPB lipid complex (ABLC) and liposomal annamycin (18) . A rationale for these similar results may be related to liposome composition. We have observed that the dimyristoyl phosphatidylglycerol (DMPG) component of ABLC and liposomal annamycin predominantly distributes into HDL because of its interaction with the protein components of HDL (apolipoproteins AI and AII) (18) . Since liposomal NYS is composed of the same phospholipids as ABLC and liposomal annamycin, the increased distribution of NYS into the HDL fraction, when incorporated into these liposomes, may also be a result of DMPG's attraction for apolipoproteins AI and AII (18, 20) . This rationale is further substantiated by recent findings which demonstrated that as the amount of HDL protein decreased, the amount of liposomal NYS recovered within the HDL fraction proportionally decreased (1) .
The present studies determined the plasma distribution of free NYS and liposomal NYS following incubation in human, dog, and rat plasmas. Dog and rat plasmas were chosen because many preclinical pharmacokinetic and drug safety studies are done with these species and the data generated are used to define drug dosing in human safety studies. We hypothesize that any observed differences in the plasma distribution of NYS and liposomal NYS between species may be attributed to the different lipoprotein composition of each species.
MATERIALS AND METHODS
Chemicals, lipids, and plasma. Aronex Pharmaceuticals, Inc. (The Woodlands, Tex.) generously donated NYS powder (Gist Brocades lot NT/3598MR) and liposomal NYS (Aronex lot 503-33-0010). Human plasma was provided by the British Columbia Red Cross from three different nondiseased normolipidemic male volunteers between the ages of 20 and 25. Rat plasma was obtained from Sprague-Dawley male rats (250 to 300 g). Dog plasma was obtained from three individual male beagles (Harlan Bioproducts, Indianapolis, Ind.). Organic solvents (methanol, etc.) were purchased from Fisher Canada. Ultracentrifugation supplies (i.e., centrifuge tubes, density gradient solutions, etc.) were purchased from Beckman Canada. Lipid and protein analysis kits were purchased from Sigma Chemical (St. Louis, Mo.). Affinity lipoprotein separation kits were purchased from Isolab Inc. (St. Louis, Mo.).
Preparation of analytes and solutions. A 1-mg/ml solution of NYS as previously described (1) was prepared by dissolving 2 mg of NYS powder in 2 ml of methanol. The mixture was covered, protected from light, and stored at 4°C for the duration of the experiment.
Liposomal NYS suspension as previously described (1) was prepared by the addition of 100 mg of accurately weighed liposomal NYS powder (commercially prepared) to 10 ml of 0.9% sodium chloride. The mixture was dispersed by hand shaking for 1 min, incubated at 37°C for 10 min, and then further agitated for another 1 min. The resulting liposomal NYS suspension contained a final NYS concentration of 1 mg/ml and was utilized immediately upon reconstitution.
Harvesting of plasma from blood. Blood collected from healthy human volunteers (screened by the British Columbia Red Cross), dogs, and rats was placed in drug-free glass test tubes which contained 0.05 M EDTA and was centrifuged in a tabletop centrifuge for 10 min at 2,000 RPM; all plasmas were stored at Ϫ20°C until used in the study.
Lipoprotein separation. The plasma was separated into its HDL, LDL, triglyceride-rich lipoprotein (TRL; these consist of very-low-density lipoprotein [VLDL] and chylomicrons), and lipoprotein-deficient plasma (LPDP) fractions by step gradient ultracentrifugation with sodium bromide as previously described (1) .
To assure that the distribution of NYS found in each of these fractions was a result of its association with each lipoprotein or lipoprotein-deficient fraction and not a result of the density of the formulation, the density of free NYS reconstituted in methanol and the liposomal NYS formulation reconstituted in 0.9% sodium chloride (USP) following incubation for 1 h at 37°C in LPDP was determined by ultracentrifugation (1) .
Determination of plasma lipoprotein triglyceride, cholesterol, and protein concentrations. The total plasma triglycerides (TG), cholesterol (TC), and protein (TP), concentrations of the human, rat, and dog plasmas used were determined by enzymatic assays purchased from Sigma Diagnostics (St. Louis, Mo.) as previously described (1) . Neither NYS nor liposomal NYS interfered with the lipid and protein assays (data not shown).
NYS quantification. NYS quantification within each lipoprotein and LPDP fraction was determined by high-pressure liquid chromatography with external calibration curves as previously described (1).
The high-pressure liquid chromatography system consisted of a Shimadzu controller interfaced to an autosampler and tunable absorbance detector. The detector was set at a UV absorbency wavelength of 306 nm and an absorbency sensitivity of 0.05 absorbency units (full scale). All results were recorded on a Shimadzu data module integrator. Samples (100 l for TRL and LDL and 20 l for HDL and LPDP) were injected onto a Zorbax SB-C 18 column (4.6 by 150 mm; 5-m particle size) prefitted with a Zorbax Reliance SB-C 18 guard column (4.6 by 12.5 mm; 5-m particle size) (Rockland Technologies, Inc.). Chromatographic separation was carried out at ambient temperature. The mobile phase employed an isocratic flow and consisted of 10 mM sodium phosphate, 1 mM EDTA, 30% methanol, and 30% acetonitrile, pH 6. The flow rate was set at 0.5 ml/min.
Experimental design. To assess the distribution of NYS and liposomal NYS within rat, dog, and human plasmas, NYS and liposomal NYS (5, 10, and 20 g of NYS/ml of plasma; concentrations are close to the peak levels in plasma observed in mice [25] and HIV-positive patients [14] following single-dose intravenous administration) were incubated in plasmas from rats, dogs, and humans for 5, 60, and 180 min at 37°C. The plasma samples were removed and assayed for the drug in each of the lipoprotein and LPDP fractions. Control experiments were done in which ethanol and 0.9% sodium chloride without drugs were incubated in plasma. Previous studies have demonstrated that methanol at the incubation volume to deliver 100 g of NYS per 1 ml of plasma does not alter the composition or concentration of plasma lipoproteins.
Data and statistical analysis. Correlation coefficients between the amount of NYS recovered within the VLDL, HDL, and LDL plasma fractions and the amount of cholesterol and triglyceride within these fractions and plasma lipoprotein composition were determined by Pearson's test (see Tables 3 and 4) . Differences in the plasma distributions of NYS and liposomal NYS following incubation in plasmas of different species and the lipoprotein lipid and protein concentrations in human, dog, and rat plasmas were determined by two-way analysis of variance without repeated measures (INSTAT; Human Systems Dynamics). Critical differences were assessed by Newman-Keuls and Tukey post hoc tests. A difference was considered significant if the probability of chance explaining the results was reduced to less than 5% (P Ͻ 0.05). All data were expressed as means Ϯ standard deviations.
RESULTS
Differences in total and lipoprotein cholesterol, triglyceride, and protein concentrations among human, dog, and rat plasmas were observed (Table 1) . Differences in lipoprotein composition between human, dog, and rat plasmas were observed as reported in Table 2 .
To determine the distribution in plasma lipoprotein of free NYS and NYS incorporated into liposomes, NYS and liposomal NYS (5, 10, and 20 g of NYS/ml) were incubated for 5, 60, and 180 min at 37°C in normolipidemic human, dog, and 
NYS.
When correlations between the amount of NYS recovered within the TRL, HDL, and LDL plasma fractions following incubation of free NYS (20 g/ml) for 5 min at 37°C and the amount of cholesterol (esterified and unesterified), triglyceride, and protein within these fractions were calculated for the plasmas of all three species, the following relationship was observed. As HDL TC increases from rat (lowest) through dog (highest) plasmas (Table 1) , the amount of NYS recovered within this fraction proportionally increases (Table 3) .
When correlations between the amount of NYS recovered in each lipoprotein fraction and lipoprotein composition were determined, the following relationships were observed. As the LDL TC/TP ratio increased, the amount of NYS recovered in LDL decreased (Table 3) . As the HDL TC/TP ratio increased, the amount of NYS recovered in HDL increased, but when the HDL TG/TC ratio increased, the amount of NYS recovered decreased (Table 3) .
Liposomal NYS. When correlations between the amount of NYS recovered within the TRL, HDL, and LDL plasma fractions following incubation of liposomal NYS (20 g of NYS/ ml) for 5 min at 37°C and the amount of cholesterol (esterified and unesterified), triglyceride, and protein within these fractions were calculated for all three species, the following relationship was observed. As LDL TG increases from rat (lowest) through human (highest) plasmas (Table 1) , the amount of NYStatin recovered within this fraction proportionally decreases (Table 3) . When correlations between the amount of NYS recovered in each lipoprotein fraction and lipoprotein composition were determined, the following relationships were observed. As the TRL TG/TC ratio increased, the amount of NYS recovered in the TRL fraction proportionally decreased ( Table 3) . As the LDL TG/TP and TG/TC ratios increased, the amount of NYS recovered in the LDL fraction proportionally decreased ( Table 3) . As the HDL TC/TP ratio increased, the amount of NYS recovered in the HDL proportionally increased (Table 3) . Correlations with free NYS and liposomal NYS concentrations of 5 and 10 g/ml were done with similar findings (data not shown).
When correlations between the amount of NYS recovered in the TRL, LDL, and HDL fractions following incubation of NYS liposomal NYS (20 g of NYS/ml) for 5 min at 37°C and the proportion of lipoprotein cholesterol (esterified and unesterified), triglyceride, apolar lipids (cholesteryl ester and triglycerides), and protein carried by TRL, LDL, and HDL in human, dog, and rat plasmas were determined, the following relationships were observed. As the proportion of lipoprotein cholesterol, triglyceride, and apolar lipids carried by HDL increases from rat plasma (lowest) through human plasma (highest), the amount of NYS recovered in the HDL fraction proportionally increases (Table 4) . No such correlations were observed in the TRL and LDL fractions (data not shown). 
DISCUSSION
The purpose of this study was to determine the distribution in plasma of free NYS and liposomal NYS following incubation in human, rat, and dog plasmas. We observed that when NYS and liposomal NYS were incubated in human, dog, and rat plasmas, the majority of the NYS was recovered in the LPDP fraction. For both the 5-and 60-min incubation times in the rat, dog, or human plasma, a greater percentage of NYS was recovered in the lipoprotein fraction (primarily HDL) following the incubation of liposomal NYS than following the incubation of NYS. Differences between the lipoprotein lipid and protein profiles in human, dog, and rat plasmas correlated with the distribution in plasma of NYS and liposomal NYS. In particular, differences in the proportion of plasma lipoprotein cholesterol, triglyceride, and apolar lipids (cholesteryl ester and triglycerides) carried by HDL influenced the distribution of NYS and liposomal NYS within plasmas of different species.
Previous studies with AMPB have suggested that an alteration in plasma lipid concentrations modifies the drug's pharmacological behavior. Chavanet and coworkers have demonstrated that an increase in plasma triglyceride concentration leads to a reduction in AMPB toxicity (4) . These findings suggested that triglycerides, or their main vehicles in serum, chylomicrons, LDL, and VLDL, were involved in the protective effect against AMPB toxicity. Souza and coworkers have further shown that a triglyceride-rich emulsion that behaves in vivo as chylomicrons was able to reduce the in vivo and in vitro toxicity of AMPB (16) . Our laboratory has recently shown enhanced AMPB-induced kidney toxicity within patients who exhibited elevated serum LDL cholesterol concentrations (19) .
In the present study, we have observed differences in the distribution in plasma of NYS when free NYS and liposomal NYS are incubated in human plasma compared to when they are incubated in dog and rat plasmas. It appears that these differences can be attributed to differences in the species lipoprotein lipid and protein concentrations (Table 1) and composition (Table 2) profiles. In particular, the higher HDL cholesterol concentration found in dog plasma resulted in more NYS being recovered in this fraction than in human and rat plasmas following the incubation of free NYS (Table 4) . However, increases in LDL triglyceride concentrations among the different species resulted in less NYS being recovered in this fraction following the incubation of liposomal NYS (Table 3) . These findings suggest that NYS distribution in lipoprotein following the incubation of free NYS is regulated by a different plasma lipoprotein component (HDL cholesterol) than that following the incubation of liposomal NYS, which appears to be regulated by plasma LDL triglyceride.
We further observed that increasing the TC/TP ratio within LDL and the TG/TC ratio within HDL for free NYS resulted in less NYS being recovered in these fractions, while increasing the TC/TP ratio within HDL resulted in more NYS being recovered in HDL (Table 3) . However, for liposomal NYS, increasing the TG/TC ratio within TRL and LDL and the TG/TP ratio within LDL resulted in less NYS being recovered in these fractions, while increasing the TC/TP ratio within HDL resulted in more NYS being recovered in this fraction (Table 3 ). In addition, we have reported that the differences in the proportion of lipid carried by HDL within the different animal species may also dictate NYS binding. Our results suggest that species (i.e., dogs) which have a greater proportion of their plasma lipids carried by HDL will have a greater percentage of NYS recovered in their HDL fraction than those species (i.e., humans and rats) which have a lower proportion of their plasma lipids carried by HDL (Table 4 ). These findings suggest that not only lipid mass and lipoprotein lipid and protein composition but also the type of lipoprotein in which these changes occur is another possible factor in determining to which lipoprotein NYS binds.
In conclusion, we have determined that the distribution of NYS in plasma is altered when it is incorporated into liposomes composed of dimyristoyl phosphatidylcholine and DMPG. Furthermore, not only the relative levels of individual lipoproteins but also their lipid and protein compositions and the proportions of lipid carried by HDL define the distribution of NYS among plasma lipoproteins of different species, and this may be an important consideration when evaluating the pharmacokinetics, toxicities, and activities, of these compounds following administration to different animal species. 
